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STEREO MATCHING BY CENSUS
TRANSFORM AND SUPPORT WEIGHT COST
AGGREGATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to and the benefit of
Korean Patent Application NO. 10-2010-0134082 filed in the
Korean Intellectual Property Office on Dec. 23, 2010, the
entire contents of which are incorporated herein by reference.

TECHNICAL FIELD

The present invention relates to a stereo image matching
apparatus and method, and more particularly, to a stereo
image matching apparatus and method using a dynamic pro-
gramming mechanism.

BACKGROUND ART

Stereo image matching technology for obtaining a three-
dimensional stereoscopic image is a technology of extracting
stereoscopic image information from two images input
through cameras mounted left and right. The stereo image
matching technology obtains a stereo image by capturing the
same subject by using two cameras that are disposed at dif-
ferent positions on the same line. The stereo image matching
technology may be considered as a process of calculating a
distance up to the subject by detecting which a pattern at a
specific position within the image captured by one camera is
present at a certain position within the image captured by the
other camera and extracting a difference between two posi-
tions, that is, disparity.

The stereo image matching technology in a dynamic pro-
gram type according to the related art replaces the stereo
image obtained from the stereo cameras (left camera and right
camera) with an image positioned at a central line of both
cameras in a row unit so as to obtain the three-dimensional
stereoscopic image.

The stereo matching technology according to the related
art independently processes each row and does not consider a
relationship between upper rows or lower rows at the time of
processing each row. Therefore, when calibration of the left
and right cameras is accurate, no problem is caused. However,
when an epipolar line is distorted due to the inaccuracy of the
calibration of the left and right cameras, a steak noise in which
a horizontal stripe appears in the image may be caused.

Actually, it is difficult to accurately match the calibration of

the left and right cameras and since there is a unique error
between the left and right cameras, it is difficult to completely
solve the phenomenon.
In addition, since the stereo matching technology according
to the related art is designed under the premise that only
brightness information in the image information of the left
and right cameras is used and the image brightness of the left
and right cameras matches each other, the image matching
error may be caused when brighter light is incident on the
specific camera between the left and right cameras.

SUMMARY OF THE INVENTION

The present invention has been made in an effort to provide
an apparatus and a method for matching an image capable of
reducing a steak noise, improving sharpness, and obtaining
accurate image matching results even when image brightness
between left and right cameras is different.
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An exemplary embodiment of the present invention pro-
vides an image matching apparatus, including: a bilateral
filter performing bilateral filtering on a left image and a right
image, respectively, to output a second left image and a sec-
ond right image; a census cost calculation unit performing
census transform on a window based on a first pixel of the
second left image and a window based on a second pixel of the
second right image to calculate a census cost corresponding
to a pair of pixels of the first pixel and the second pixel; a
support weight calculation unit obtaining support weights of
the left image and the right image or the second left image and
the second right image; a cost aggregation unit obtaining
energy values of nodes corresponding to the pair of pixels of
the first pixel and the second pixel using the census cost and
the support weights; and a dynamic programming unit per-
forming the image matching using dynamic programming by
the energy values of each node obtained.

Another exemplary embodiment of the present invention
provides an image matching method, including: performing
bilateral filtering on a left image and a right image, respec-
tively, to generate a second left image and a second right
image; performing census transform on a window based on a
first pixel of the second left image and a window based on a
second pixel of the second right image to’calculate a census
cost corresponding to a pair of pixels of the first pixel and the
second pixel; obtaining support weights of the left image and
the right image or the second left image and the second right
image; obtaining energy values of nodes corresponding to the
pair of pixels of the first pixel and the second pixel using the
census cost and the support weights; and performing the
image matching using dynamic programming by the energy
values of each node obtained.

According to the exemplary embodiments of the present
invention, it is possible to reduce the steak noise, improve the
sharpness, and obtain the accurate image matching results
even when the image brightness between left and right cam-
eras is different.

The foregoing summary is illustrative only and is not
intended to be in any way limiting. In addition to the illustra-
tive aspects, embodiments, and features described above, fur-
ther aspects, embodiments, and features will become appar-
ent by reference to the drawings and the following detailed
description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a trellis structure in a dynamic programming
type used in an exemplary embodiment of the present inven-
tion.

FIG. 2 shows a configuration of an image matching appa-
ratus according to an exemplary embodiment of the present
invention.

FIGS. 3A and 3B are diagrams for explaining a detailed
operation of a bilateral filter 140.

FIG. 4 is a diagram for describing in detail an operation of
a census transform unit 151.

FIG. 5 is a diagram for describing a census transform
process.

FIG. 6 is a diagram for describing in detail an operation of
a cost aggregation unit 180.

FIG. 7 shows a flow chart of an image matching method
according to an exemplary embodiment of the present inven-
tion.

FIG. 8 shows image matching results according to the
existing dynamic programming mechanism and image
matching results according to an exemplary embodiment of
the present invention.
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FIG. 9 shows image matching results according to the
existing dynamic programming mechanism and image
matching results according to an exemplary embodiment of
the present invention when brightness of light input to left and
right cameras is different.

It should be understood that the appended drawings are not
necessarily to scale, presenting a somewhat simplified repre-
sentation of various features illustrative of the basic prin-
ciples of the invention. The specific design features of the
present invention as disclosed herein, including, for example,
specific dimensions, orientations, locations, and shapes will
be determined in part by the particular intended application
and use environment.

In the figures, reference numbers refer to the same or
equivalent parts of the present invention throughout the sev-
eral figures of the drawing.

DETAILED DESCRIPTION

Hereinafter, exemplary embodiments of the present inven-
tion will be described in detail with reference to the accom-
panying drawings. First of all, we should note that in giving
reference numerals to elements of each drawing, like refer-
ence numerals refer to like elements even though like ele-
ments are shown in different drawings. In describing the
present invention, well-known functions or constructions will
not be described in detail since they may unnecessarily
obscure the understanding of the present invention. It should
be understood that although exemplary embodiment of the
present invention are described hereafter, the spirit of the
present invention is not limited thereto and may be changed
and modified in various ways by those skilled in the art.

First, a dynamic programming type used in an exemplary
embodiment of the present invention will be described prior
to describing the exemplary embodiments of the present
invention.

The dynamic programming type forms a trellis structure as
shown in FIG. 1 for input left and right images in a row unit
using center-referenced disparity and searches an optimal
path to determine the disparity for the row. The trellis struc-
ture is configured of match nodes and occlusion nodes. In
FIG. 1, the match nodes are shown by a black circle and the
occlusion nodes are shown by a white circle. The match nodes
correspond to energy representing similarity of a pair of cor-
responding pixels (a pixel of a left image and a pixel of a right
image) and the occlusion nodes search an optimal path by a
method of selecting a minimum value among values input
from each node.

The dynamic programming type is described in detail in a
document [H. Jeong and Y Oh, “Fast stereo Matching using
constraints in discrete space,” IEICE Trans on Information
and Systems, vol. E83-D, no. 7, pp. 1592-6000, 2000] and
therefore, a detailed description will be omitted.

FIG. 2 shows a configuration of an image matching appa-
ratus according to an exemplary embodiment of the present
invention. The image matching apparatus according to the
exemplary embodiment of the present invention is configured
to include a left camera 110, a right camera 120, an energy
value calculation unit 130, a dynamic programming unit 190,
and a control module 200.

The energy value calculation unit 130 receives the left
image and the right image from the left camera 110 and the
right camera 130 and obtains energy values corresponding to
each node of the trellis structure for the dynamic program-
ming. The dynamic programming unit 190 performs the
image matching using the dynamic programming by the
energy values from the energy value calculation unit 130.
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That is, the dynamic programming unit 190 forms the trellis
structure in a row unit as shown in FIG. 1 and receives the
energy values of the matching nodes from the energy value
calculation unit 130 to search the optimal path, thereby
obtaining the disparity for the corresponding row.

The image matching apparatus according to the exemplary
embodiment of the present invention uses a method that uses
a census transform for solving a problem due to a difference
in brightness of the left and right images to calculate costs
between, the pixels of the left and right images and aggregates
costs using support weights so as to remove steak noise while
securing sharpness. Further, in order to obtain better perfor-
mance under various environments, the noise of the left and
right images input using a bilateral filter is removed.

To this end, the energy value calculation unit 130 of the
image matching apparatus is configured to include a bilateral
filter 140, a census cost calculation unit 150, a mux 160,
support weight calculation units 171 and 172, and a cost
aggregation unit 180 as shown.

The bilateral filter 140 performs bilateral filtering on and
outputs the left image and the right image input from the left
camera 110 and the right camera 120, respectively. Herein-
after, the bilaterally filtered left image and the right image are
each referred to as a second left image and a second right
image.

The census cost calculation unit 1150 performs census
transform (or modified census transform) on a window based
on the first pixel of the second left image and a window based
on the second pixel of the second right image, respectively, to
calculate the census costs corresponding to the pair of pixels
of' the first pixel and the second pixel.

The support weight calculation units 171 and 172 obtains
the support weights for each pixel of the left image and the
right image input from the left camera 110 and the right
camera 120 or the support weights for each pixel of the
second left image and the second right image.

The mux 160 determines whether the support weight cal-
culation units 171 and 172 use the left image and the right
image as the input and use the second left image and the
second right image as the input. That is, the mux 160 transfers
the left image and the second image to the support weight
calculation units 171 and 172 according to the user’s setting
or transfers the second left image and the second right image
to the support weight calculation units 171 and 172.

The cost aggregation unit 180 aggregates the census cost
and each support weight of the left image and the right image
in the window unit corresponding to the first pixel and the
second pixel to obtain the energy values of the nodes corre-
sponding to the first pixel and the second pixel.

The control module 200 controls parameters of the bilat-
eral filter 140 and the census cost calculation unit 150 and
analyzes the census cost of the census cost calculation unit
150 to control the output from the cost aggregation unit 180.
In detail, the control module 200 is configured to include a
parameter control unit 210 and a cost function analysis unit
220. The parameter control unit 210 and the cost function
analysis unit 220 will be described below.

Hereinafter, a detailed operation of the bilateral filter 140
will be described with reference to FIGS. 3A and 3B. General
smoothing filters (for example, Gaussian filter) consider only
a spatial distance between a central pixel and a peripheral
pixel. Therefore, there is a problem in that a boundary portion
between objects blurs due to a loss of edge information. On
the other hand, the bilateral filter is a non-linear filter that
preserves an edge in consideration of both spatial proximity
and luminous similarity for peripheral pixels. Therefore, the
bilateral filter may emphasis a boundary line while perform-
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ing noise removal. Further, the filtering strength of the bilat-
eral filter can be easily changed by controlling weights
imparted to each pixel.

FIG. 3A is a diagram showing weights according to a
spatial distance of the bilateral filter 140. In FIG. 3A, a size of
awindow 300 is set to be 5x5, but the size of the window 300
may be set to be any different size. The bilateral filter 140
applies a lower weight to the peripheral pixels of the targeted
pixel, that is, pixels within the window 300 based on the
targeted pixels as the distance of the targeted pixel is long. As
an example of pixels A, B, and C, the lowest weight is applied
to pixel A in which a distance from a targeted pixel 310 is the
longest and the highest weight is applied to pixel C in which
a distance from the targeted pixel 310 is the shortest. As such,
when only the weight according to the spatial distance is
applied, an effect that the images are wholly softened and
slightly distorted is obtained. The bilateral filter applies the
weights according to the pixel values of the targeted pixel and
the peripheral pixel together with the weights according to the
spatial distance, thereby obtaining an effect of emphasizing
the boundary line while removing the noise.

FIG. 3B shows the weights according to the pixel values of
the targeted pixel and the peripheral pixel of the bilateral filter
140. The bilateral filter 140 applies the higher weight to the
pixels within the window 300 as the difference between the
pixel values for the targeted pixels is smaller and applies the
lower weight as the difference between the pixel values is
larger. For example, when the pixel value of the targeted pixel
310 is 80, the highest weight is applied to the most similar
pixel 320 as a pixel value of 70 and the lowest weight is
applied to a pixel 330 in which a difference in the pixel value
as a pixel value of 5 is the largest.

In the specification, the weight according to the spatial
distance is referred to as a radial domain weight (RDW) and
the weight according to the pixel value is referred to as an
intensity range weight (IRW). In this case, the RDW value is
determined according a sigma_d value and the IRW value is
determined according to a sigma_r value. The size of the
window, that is, the range of the peripheral pixel is determined
according to the value. For example, 20.0 as the sigma_d
value and 3.0 as the sigma_r value may be applied. In this
case, a pixel spaced apart from the targeted pixel by 16 pixels
or more has the IRW value that has a value of 0 up to three
places of decimal Therefore, the size of the window may be
determined as 16x16 (256 pixels). When the RDW value and
the IRW value are determined, a new pixel value (newPixel)
of the targeted pixel may be determined according to the
following Equation.

255
num = Z Pixel; # IRW; « RDW;
=0

[Equation 1]

255

denom = Z IRW; « RDW,
=0

num

(denom = 0)

newPixel = { denom

Pixelzs  (denom =0)

Here, Pixeli represents the pixel value of an i-th pixel
within the window.

A parameter control unit 210 of the control module 200
controls parameters of the bilateral filter 140. For example,
the parameter control unit 210 controls the sigma_d value and

40

45

50

55

60

6

the sigma_r value. The parameter control unit 210 may
receive the sigma_d value and the sigma_r value from a user.

Referring again to FIG. 2, the census cost calculation unit
150 is configured to include census transform units 151 and
152 and a hamming distance calculation unit 153. When the
census cost calculation unit 150 performs modified census
transform, the census transform units 151 and 152 may be
replaced with the modified census transform unit. According
to the exemplary embodiment, the census transform units 151
and 152 may selectively perform the census transform and the
modified census transform according to the user selection or
the predetermined reference. The parameter control unit 210
of the control module 200 determines the parameters on
whether the census transform units 151 and 152 perform any
one of the census transform and the modified census trans-
form.

The census transform unit 151 uses a central pixel value of
the window based on the first pixel of the second left image as
a representative value to obtain a value according to a large
and small size of each pixel value within the window for the
representative value. The census transform unit 152 uses the
central pixel value of the window based on the first pixel of the
second right image as a representative value to obtain a value
according to a large and small size of each pixel value within
the window for the representative value. The hamming dis-
tance calculation unit 153 obtains a hamming distance of the
census transform result of the window based on the first pixel
and the census transform result of the window based on the
second pixel so as to calculate the obtained hamming distance
as the census costs corresponding to the first pixel and the
second pixel.

In the case of the census transform, the central pixel value
of'the window is the representative value as described above,
but in the case of the modified census transform, an average of
the pixel values within the window is the representative value.

FIG. 4 is a diagram for describing in detail an operation of
a census transformer 151. The size of the left window and the
right window input is described as, for example, 3x3. The size
of'the window may be set to be any different size. At step 410,
the representative value of the left window is calculated and at
step 420, the representative value of the right window is
calculated. In the case of the census transform, the pixel value
of'the central pixel 5 is output as the representative value and
in the case of the modified census transform, the average of
the pixel values within the window is output as the represen-
tative value. At step 430, the census transform is performed on
the left window based on the representative value and at step
440, the census transform is performed on the right window
based on the representative value. The census transform 430
and 440 obtains the value (for example, 1 or 0) according to
the large and small size of each pixel value for the represen-
tative value by comparing each pixel value within the window
with the representative value and transforms and outputs the
value into the bit pattern.

FIG. 5 is a diagram for describing a census transformation
process. Referring to FIG. 5, a pixel value 75 of the central
pixel is defined as a representative value, 1 or 0 is determined
according to the large and small size of each pixel value for
75, and a result of transforming it into the bit pattern is shown.

Next, at step 450, the hamming distance of the census
transform result of the left window and the census transform
result of the right window is calculated. That is, the hamming
distance is calculated by comparing the bit pattern of the
census transform result for the left window and the bit pattern
of the census transform result for the right window for each
bit.
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Hereinafter, the support weight calculation units 171 and
172 will be described in detail. The support weight method is
a method of differently setting the weight according to the
similarity and the distance of the pixel value for the central
pixel within the window (support window) having a prede-
termined size. That is, the support weight method is a method
of setting the weight (support weight) to be high as the dis-
tance from the central pixel approaches and a method of
setting the weight (support weight) to be high as the pixel
value for the central pixel is similar. The weight w (p and q) of
the pixel q for the central pixel p may be represented as
follows.

w=(pq)AAc,,AL,,)

Herein, Ac,,, and Ag,,, each represents a difference between
the pixel values of the pixel p and the pixel q and the spatial
distance. Ac,,, and Ag,,, may be considered as an independent
event and may thus be separately calculated. Therefore,

f(Ac,,, Ag,,) may be represented again as follows.

SIAC MG ) T (D) (Agpg)

For example, f(Ac, ) and f (Ag, ) may be calculated
according to the following equation.

fslAcpg) = exp(— A;—pq]

Agm]
Y

Herein, v, is a value for determining a strength of grouping
due to similarity, and y, is a value for determining a strength
of grouping due to proximity, which may be previously
selected as a proper value. In addition, y, may be determined
according to the size of the support window.

Therefore, the weight of the pixel q for the pixel p may be
represented as follows.

Fr(Agpg) = exp(—

Ac_mﬁﬂ]]

wip, q) = exr{—( S 5
c P

FIG. 6 is a diagram for describing in detail an operation of
a cost aggregation unit 180. The cost aggregation unit 180
uses the support weights of each pixel within the first window
based on the first pixel of the left image, the support weights
of each pixel within the second window based on the second
pixel of the right image, and the census costs within the third
window based on the census cost corresponding to the pair of
pixels of the first pixel and the second pixel to obtain the
energy values of the nodes corresponding to the pair of pixels
of the first pixel and the second pixel In detail, the cost
aggregation unit 180 obtains a sum of the support weights of
each pixel within the first window, the support weights of
each corresponding pixel within the second window, and a
product of each corresponding census cost within the third
window as the energy values of the corresponding nodes.

FIG. 6 shows a case in which the support window is 3x3.
FIG. 6A shows a support weight (w,~w,) of each pixel
within a first window 610 based on a first pixel 611 of the left
image, a support weight (W10~WQO) of each pixel within a
second window 620 based on a second pixel 621 in which the
disparity in the right image based on the first pixel 611 is O,
and a census cost (CIO~CQO) within a third window 630 based
on a census cost 631 corresponding to the first pixel 611 and
the second pixel 621. The energy values of the nodes corre-

10

15

20

25

30

35

40

45

50

55

60

65

8

sponding to the pair of pixels of the first pixel 611 and the
second pixel 621 may be represented by the following equa-
tion.

[Equation 2]

9
Zw;-w?-c?
i=1

FIG. 6B shows a support weight (w,~w,) of each pixel
within a first window 610 based on a first pixel 611 of the left
image, a support weight (W11~WQ1) of each pixel within a
second window 640 based on a second pixel 641 in which the
disparity in the right image based on the first pixel 611 is 1,
and a census cost (c,'~c Ql) within a third window 650 based
on a census cost 651 corresponding to the first pixel 611 and
the second pixel 641. The energy values of the nodes corre-
sponding to the pair of pixels of the first pixel 611 and the
second pixel 641 may be represented by the following equa-
tion.

[Equation 3]

9
Z:w;-w‘-1 “wr
i=1

The cost aggregation unit 180 calculates the energy values
of the nodes corresponding to the pair of each pixel by a
predetermined maximum disparity level (for example,
28=64) for each row of the left image and the right image by
the above-mentioned method The maximum disparity level
may be changed according to applications.

The cost function analysis unit 220 analyzes the census
cost of the census cost calculation unit 150 to control the
output from the cost aggregation unit 180. In detail, the cost
function analysis unit 220 controls the cost aggregation unit
180 to output a predetermined minimum value as the energy
value when the census cost of the census cost calculation unit
150 is a threshold or less or the energy values output from the
cost aggregation unit 180 is a threshold or less. In this case,
the threshold of the census cost, the threshold of the output
energy value, and the minimum value of the output energy
value may be previously set by being input from the outside.
In the case of over exposure or under exposure, the energy
value transferred to a dynamic programming unit 190 may
have a value abnormally approaching 0, which may be effec-
tively removed by the above-mentioned operation of the cost
function analysis unit 220. FIG. 7 shows a flow chart of the
image matching method according to the exemplary embodi-
ment of the present invention. The image matching method
according to the exemplary embodiment of the present inven-
tion is configured to include steps processed in the image
matching apparatus described above. Therefore, even in the
case of contents omitted below, the contents described above
with reference to the image matching apparatus may also be
applied to the image matching method according to the exem-
plary embodiment of the present invention.

At step 710, the bilateral filter 140 performs bilateral fil-
tering on the left image and the right image, respectively, to
generate the second left image and the second right image.

At step 720, the support weight calculation units 171 and
172 calculate the support weight for each pixel of the left
image and the right image. However, at step 720, the support
weight calculation units 171 and 172 may also calculate the
support weights for each pixel of the second left image and
the second right image, instead of the left image and the right
image.
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At step 730 after step 710, the census cost calculation unit
150 performs census transformation (or modified census
transformation) on a window based on the first pixel of the
second left image and a window based on the second pixel of
the second right image, respectively, to calculate the census
costs corresponding to the pair of pixels of the first pixel and
the second pixel.

Next, at step 740, the cost aggregation unit 180 obtains the
energy values of the nodes corresponding to the first pixel and
the second pixel using the support weight and the census cost
of the left image and the right image, respectively.

Next, at step 750, the dynamic programming unit 190
performs the image matching using the dynamic program-
ming, with the energy value of each node.

FIG. 8 shows an image matching result (a) according to the
existing dynamic programming mechanism and an image
matching result (b) according to an exemplary embodiment of
the present invention when the left and right cameras are
accurately calibrated. It can be appreciated from FIG. 8 that
the steak noise and the block phenomenon are more remark-
ably reduced in (b) as compared to (a).

FIG. 9A shows the image matching result in which errors
occur due to the difference in the brightness of light input to
the left and right cameras. It can be appreciated from FIG. 9B
that the better image matching results as the image matching
results according to the exemplary embodiment of the present
invention under the same environment are obtained.

Meanwhile, the embodiments according to the present
invention may be implemented in the form of program
instructions that can be executed by computers, and may be
recorded in computer readable media. The computer readable
media may include program instructions, a data file, a data
structure, or a combination thereof. By way of example, and
not limitation, computer readable media may comprise com-
puter storage media and communication media. Computer
storage media includes both volatile and nonvolatile, remov-
able and non-removable media implemented in any method
or technology for storage of information such as computer
readable instructions, data structures, program modules or
other data. Computer storage media includes, but is not lim-
ited to, RAM, ROM, EEPROM, flash memory or other
memory technology, CD-ROM, digital versatile disks (DVD)
or other optical disk storage, magnetic cassettes, magnetic
tape, magnetic disk storage or other magnetic storage devices,
or any other medium which can be used to store the desired
information and which can accessed by computer. Commu-
nication media typically embodies computer readable
instructions, data structures, program modules or other data
in a modulated data signal such as a carrier wave or other
transport mechanism and includes any information delivery
media. The term “modulated data signal” means a signal that
has one or more of its characteristics set or changed in such a
manner as to encode information in the signal. By way of
example, and not limitation, communication media includes
wired media such as a wired network or direct-wired connec-
tion, and wireless media such as acoustic, RF, infrared and
other wireless media. Combinations of any of the above
should also be included within the scope of computer read-
able media.

As described above, the exemplary embodiments have
been described and illustrated in the drawings and the speci-
fication. The exemplary embodiments were chosen and
described in order to explain certain principles of the inven-
tion and their practical application, to thereby enable others
skilled in the art to make and utilize various exemplary
embodiments of the present invention, as well as various
alternatives and modifications thereof. As is evident from the
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foregoing description, certain aspects of the present invention
are not limited by the particular details of the examples illus-
trated herein, and it is therefore contemplated that other modi-
fications and applications, or equivalents thereof, will occur
to those skilled in the art. Many changes, modifications, varia-
tions and other uses and applications of the present construc-
tion will, however, become apparent to those skilled in the art
after considering the specification and the accompanying
drawings. All such changes, modifications, variations and
other uses and applications which do not depart from the spirit
and scope of the invention are deemed to be covered by the
invention which is limited only by the claims which follow.

What is claimed is:

1. An image matching method, comprising:

generating a filtered left image and a filtered right image by

performing bilateral filtering on a left image and a right
image;
calculating a census cost corresponding to pixels from the
filtered images by performing a census transform on a
window based on a pixel of the filtered left image and a
window based on a pixel of the filtered right image;

determining support weights of the left image and the right
image;

obtaining a product of the calculated census costs and a

sum of the determined support weights as energy values
for match nodes of a trellis structure used in dynamic
programming for image matching, the match nodes cor-
responding to the pixel of the filtered left image and the
pixel of the filtered right image;

adjusting the obtained energy values based on the calcu-

lated census cost; and

performing image matching using dynamic programming

with the obtained energy values.

2. The method of claim 1, wherein generating the filtered
left image and the filtered right image includes transforming
apixel value of a targeted pixel into a sum of weights of pixel
values of the targeted pixel and peripheral pixels of the tar-
geted pixel.

3. The method of claim 2, wherein the peripheral pixel is a
pixel within the window based on the targeted pixel.

4. The method of claim 3, wherein the weight correspond-
ing to the peripheral pixel is determined according to a dis-
tance from the targeted pixel and a difference in the pixel
values of the targeted pixel.

5. The method of claim 1, wherein calculating the census
costs includes:

determining a central pixel value of the window based on

the pixel of the filtered left image;

determining a central pixel value of the window based on

the pixel of the filtered right image; and

obtaining a hamming distance based on the determined

central pixel values.

6. The method of claim 1, wherein calculating the census
costs includes:

determining an average of pixel values within the window

based on the pixel of the filtered left image;
determining an average of pixel values within the window
based on the pixel of the filtered right image; and
obtaining a hamming distance based on the determined
averages of the pixel values.

7. The method of claim 1, wherein determining the support
weights includes setting different weights as the support
weight according to a distance from a central pixel and simi-
larity of pixel values for each pixel within a window having a
predetermined size.

8. The method of claim 1, wherein adjusting the energy
values based on the calculated census cost includes adjusting
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the obtained energy values to predetermined energy values
when the calculated census cost is lower than a first threshold
value or the obtained energy values are lower than a second
threshold value.

9. A non-transitory computer-readable storage medium
whose contents, when executed by a computing system, cause
the computing system to perform operations of image match-
ing, the operations comprising:

generating a filtered left image and a filtered right image by

performing bilateral filtering on a left image and a right
image;
calculating a census cost corresponding to pixels from the
filtered images by performing a census transform on a
window based on a pixel of the filtered left image and a
window based on a pixel of the filtered right image;

determining support weights of the left image and the right
image;

obtaining a product of the calculated census costs and a

sum of the determined support weights as energy values
for match nodes of a trellis structure used in dynamic
programming for image matching, the match nodes cor-
responding to the pixel of the filtered left image and the
pixel of the filtered right image;

adjusting the obtained energy values based on the calcu-

lated census cost; and

performing image matching using dynamic programming

with the obtained energy values.

10. The computer-readable storage medium of claim 9,
wherein adjusting the energy values based on the calculated
census cost includes adjusting the obtained energy values to
predetermined energy values when the calculated census cost
is lower than a first threshold value or the obtained energy
values are lower than a second threshold value.
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11. The computer-readable storage medium of claim 9,
wherein generating the filtered left image and the filtered
right image includes transforming a pixel value of a targeted
pixel into a sum of weights of pixel values of the targeted pixel
and peripheral pixels of the targeted pixel.

12. The computer-readable storage medium of claim 11,
wherein the peripheral pixel is a pixel within the window
based on the targeted pixel.

13. The computer-readable storage medium of claim 12,
wherein the weight corresponding to the peripheral pixel is
determined according to a distance from the targeted pixel
and a difference in the pixel values of the targeted pixel.

14. The computer-readable storage medium of claim 9,
wherein calculating the census costs includes:

determining a central pixel value of the window based on

the pixel of the filtered left image;

determining a central pixel value of the window based on

the pixel of the filtered right image; and

obtaining a hamming distance based on the determined

central pixel values.

15. The computer-readable storage medium of claim 9,
wherein calculating the census costs includes:

determining an average of pixel values within the window

based on the pixel of the filtered left image;
determining an average of pixel values within the window
based on the pixel of the filtered right image; and
obtaining a hamming distance based on the determined
averages of the pixel values.

16. The computer-readable storage medium of claim 9,
wherein the support weights includes setting different
weights as the support weight according to a distance from a
central pixel and similarity of pixel values for each pixel
within a window having a predetermined size.
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